A gene encoding a special thermophilic multifunctional amylase OPMA-N was cloned from Bacillus sp. ZW2531-1. OPMA-N has an additional 124-residue N-terminal domain compared with typical amylases and forms a relatively independent domain with a b-pleated sheet and random coil structure. Here we reported an unusual substrate and product specificities of OPMA-N and the impact of the additional N-terminal domain (1 -124 aa) on the function and properties of OPMA-N. Both OPMA-N (12.82 U/mg) and its N-terminal domain-truncated DOPMA-N (12.55 U/mg) only degraded starch to produce oligosaccharides including maltose, maltotriose, isomaltotriose, and isomaltotetraose, but not to produce glucose. Therefore, the N-terminal domain did not determine its substrate and product specificities that were probably regulated by its C-terminal b-pleated sheet structure. However, the N-terminal domain of OPMA-N seemed to modulate its catalytic feature, leading to the production of more isomaltotriose and less maltose, and it seemed to contribute to OPMA-N's thermostability since OPMA-N showed higher activity than DOPMA-N in a temperature range from 40 to 808 8 8 8 8C and the halflife (t1 2
Introduction
Amylase refers to a group of enzymes whose catalytic function is to hydrolyze (breakdown) starch into glucose and smaller glucosyl oligosaccharides with various degrees of polymerization and branching. The a-amylase family, or glycosyl hydrolase (GH) family 13, is a large enzyme family, and the members of this family display a variety of catalytic properties, including the hydrolysis and synthesis of a-(1-4) or a-(1 -6) glycosidic linkages. a-Amylase and related enzymes possess a (b/a) 8 or TIM barrel structure containing the catalytic site residues. They also possess four highly conserved regions (I -IV) in their primary sequences. These structural units are known as the common structural elements of the a-amylase family [1] . However, multifunctional amylases such as maltogenic amylases (EC 3.2.1.133) constitute a special subfamily in the framework of the a-amylase family or GH-13 family because they have some unique catalytic and/or structural characteristics compared with other enzymes of the a-amylase family or GH-13 family [2] . Multifunctional amylases possess an extra N-terminal domain besides the four highly conserved regions in their primary sequence. Multifunctional amylases exhibit both transglycosylation and hydrolysis activities on various glucan substrates, leading to the production of isomaltooligosaccharides and maltooligosaccharides as well as glucose. Thus, multifunctional amylases are very useful for the preparation of isomaltooligosaccharides, which are known as bifidus factors, and therefore, they have a wide range of applications in food industries and sugar industries. The structural and kinetic analyses of these enzymes may provide some useful information for the creation of valuable biocatalysts for industrial applications.
In our previous report, a thermophilic bacteria strain Bacillus sp. ZW2531-1 whose 16S rRNA gene has been deposited in the GenBank database under the accession number EF567395 has been discovered to produce a multifunctional amylase called OPMA [3] . OPMA is a thermophilic starch-degrading enzyme, and more importantly, it can degrade starch to produce several oligosaccharides including maltose, maltotriose, isomaltotriose, and isomaltotetraose, but not to produce glucose. Accordingly, OPMA was beneficial to the production of isomaltooligosaccharides.
In contrast with the genes of other amylases, only a few of multifunctional amylase genes have been cloned from various bacterial sources [4] . All these multifunctional amylases have an additional 130-residue N-terminal domain compared with typical amylases and form a relatively independent domain. However, the exact or full function of the additional N-terminal domain was not fully revealed so far although most researchers think that the unique N-terminal domain probably contributes to the substrate specificity and oligomerization [5, 6] . In order to investigate and characterize the multifunctional amylase from Bacillus sp. ZW2531-1 and reveal the function of its N-terminal domain, a gene encoding a multifunctional amylase OPMA-N was amplified by PCR using the genomic DNA of Bacillus sp. ZW2531-1. After its N-terminal domain was identified based on the deduced amino acid sequence of OPMA-N, the functional characterization of OPMA-N and its N-terminal domain-truncated DOPMA-N (lacking the first 124 amino acids) were analyzed in this study.
Materials and Methods
Bacterial strains and plasmids Escherichia coli DH5a and BL21 (DE3) were used as cloning and expression hosts of OPMA-N gene, respectively, pET28a was used as the expression vector in E. coli BL21 (DE3). All of the above materials were purchased from Invitrogen (Carlsbad, USA).
Cloning and sequencing of OPMA-N and DOPMA-N genes The genomic DNA of strain ZW2531-1 was prepared using the AxyPrep Bacterial Genomic DNA Miniprep Kit (Axygen Biosciences, Union City, USA) and was used as the template for cloning OPMA-N gene. Two designed oligonucleotide primers based on the published nucleotide sequences of other multifunctional amylase genes from 0 -CGGAATTCATGGCTGATACATTTCAAG-3 0 ) was synthesized and used together with NA1 to amplify its N-terminal-truncated gene (DOPMA-N gene) by PCR. After confirmed by sequencing, two PCR products were EcoRI/XhoI double digested and then were ligated into the expression vector pET28a to create pET28a-OPMA-N or pET28a-DOPMA-N, respectively. Homology search was subsequently performed against the target sequence in the GenBank database using the BLAST program (http://www. ncbi.nlm.nih.gov/). Alignment of deduced amino acid sequence was generation with ClustalX program at http:// bips.u-strasbg.fr/fr/Documentation/ClustalX/.
Expression and purification of OPMA-N and DOPMA-N Escherichia coli BL21 (DE3) cells carrying the OPMA-N or DOPMA-N gene on plasmid pET28a were cultured in Luria-Bertani broth at a ratio of 1:100 at 378C overnight. When A 600 reached 0.6-0.8, the recombinant OPMA-N or DOPMA-N with an N-terminal 6ÂHis tag at its N terminus was expressed by induction of 0.5 mM isopropylb-D-thiogalactoside (IPTG) for 7 h. The induced bacteria were centrifuged (4000 g) at 48C and resuspended in ice-cold phosphate-buffered saline, followed by sonication on ice. The cell-free extract was centrifuged at 9300 g for 20 min to remove cell debris and the expressed OPMA-N or DOPMA-N in the clear supernatant was purified by conventional affinity chromatography according to the protocol from www.mnstate.edu/provost/QiaExpressionist.pdf using Ni 2þ -NTA column (Qiagen, Germantown, USA). The purified enzymes at a concentration of 0.2 mg/ml were freeze dried, dialyzed against 50 mM sodium phosphate buffer ( pH 7.5), and were then analyzed by SDS-PAGE on a 7.5% gel and the purity was determined to be 98%. Finally, the purified enzymes were stored at2 208C.
Native-PAGE of OPMA-N or DOPMA-N Native-PAGE is the polyacrylamide gel electrophoresis under native conditions. The polyacrylamide gel was prepared in the same way as SDS-PAGE, except that SDS was replaced by distilled water. Native-PAGE was carried A special thermophilic amylase out in the same way as SDS -PAGE, but the sample buffer contained neither SDS nor b-mercaptoethanol, and the samples were not boiled. The enzyme samples were run native-PAGE on a 10% gel and the molecular weight of proteins was estimated according to [7] .
Gel filtration chromatography
Two milliliters of protein sample was applied to a Sephadex G100 gel column (2 cm Â 100 cm; Pharmacia, Stockholm, Sweden) equilibrated with 50 mM phosphate buffer ( pH 7.5). The sample was eluted with the same buffer ( pH 7.5) at a rate of 0.2 ml/min. Each eluted fraction was freeze dried and dialyzed against same buffer ( pH 7.5). Three milliliters of enzyme solution was collected to determine enzyme activity.
Determination of enzyme activity
The activity of OPMA-N or DOPMA-N was determined as described [3] , with slight modification. The reaction system (5 ml) contained 1 ml of 5% soluble starch in 0.2 M sodium acetate buffer ( pH ¼ 6.0) and 0.5 ml of the enzyme liquid. The reaction was stopped by adding 1.0 ml of 3,5-dinitrosalicylic acid and heated in boiling water for 5 min. The amount of reducing sugars generated from starch under the catalysis of the amylase was measured at 608C for 30 min as described previously [3] . One unit of enzyme activity was defined as the amount of enzyme required to generated 1 mmol of reducing ends per half hour at 608C under the catalysis conditions described above.
Chromatographic analysis of starch degradation products
The degradation products by OPMA-N or DOPMA-N were subjected to high-performance liquid chromatography (HPLC) or thin-layer chromatography (TLC) as described [4] , with slight modification. The reaction system (500 ml) containing 100 ml of 5 % soluble starch, 200 ml of purified OPMA-N or DOPMA-N ( 0.2 U), and 50 ml of 0.2 M sodium acetate buffer ( pH ¼ 6.0) was incubated at 608C for 12-72 h. The reaction was stopped by heat treatment at 1008C for 5 min. After centrifugation, 5 or 10 ml reaction mixture was applied to TLC. For quantitative TLC, the same reaction mixture as that described above was applied and each spot on the TLC plate was quantitatively analyzed using Glyto Bandscan 5.0 software (Glyko, Novato, USA).
Effects of pH on the activity and stability of OPMA-N or DOPMA-N The effect of pH on the catalytic activity of OPMA-N or DOPMA-N was analyzed in the range of pH 6.0-9.0 at 608C and the optimal pH for OPMA-N's or DOPMA-N's activity could be obtained. For their pH stability range, OPMA-N or DOPMA-N was incubated at 608C in various 50 mM buffers ( pH 3.0-10.0) for 60 min and the remaining activity of OPMA-N or DOPMA-N was determined under the enzyme assay conditions. The following buffers were applied: disodium hydrogen phosphate buffer ( pH 3.0-8.0), Tris-HCl buffer ( pH 8.0-9.0), and glycineNaOH buffer ( pH 9.0-10.0). Values are means of three independent experiments.
Effects of temperature on the activity and stability of OPMA-N or DOPMA-N The effect of temperature on the catalytic activity of OPMA-N or DOPMA-N was assayed in the temperature range of 30 -808C in 50 mM disodium hydrogen phosphate ( pH 7.5). Thermal inactivation of OPMA-N or DOPMA-N was also examined by incubating the enzyme at various temperatures (30-908C) for 60 min. The remaining activity was measured under enzyme assay conditions. The nonheated enzyme was considered as control (100%). Values are means of three independent experiments.
Effect of metal ions, EDTA, SDS, and Triton-X100 on the activity of OPMA-N or DOPMA-N The effects of various metal ions (1 mM) and some additives such as EDTA (1 mM 
Measurement of enzyme kinetic parameters
The Michaelis constant (K m ) of OPMA-N or DOPMA-N for chromogenic substrate p-nitrophenyl-maltoside was determined at 408C by following the changes in absorbance at 405 nm using a microplate reader. The substrate concentrations ranged from 0.1 mM to 0.1 mM. The K m of OPMA-N or DOPMA-N for starch was obtained through measuring the activity of OPMA-N or DOPMA-N at optimal temperature and pH (608C, pH 7.5). The starch concentrations ranged from 2 to 20 mg/ml. Values are means of three independent experiments.
Analysis of the adsorption affinity between OPMA-N or DOPMA-N and starch The adsorption affinity between OPMA-N or DOPMA-N and starch was assayed by determining the adsorption rate (AR). Briefly, a certain amount of the purified OPMA-N or DOPMA-N was mixed with starch in 20 mM Tris -HCl buffer, pH 7.5; after incubation at 48C for 12 h, the mixture was centrifugated at 16,000 g for 10 min at 48C to remove starch-enzyme complex, and the amount of the 
Results
Molecular cloning and sequence analysis of OPMA-N and DOPMA-N genes With the genomic DNA of Bacillus sp. ZW2531-1 and primers NS1, NS2, and NA1, two DNA fragments of 1.7 and 1.4 kb were amplified by PCR, respectively. After digested with EcoRI and XhoI, the two DNA fragments were, respectively, inserted into the expression vector pET28a to generate pET28a-OPMA-N and pET28a-DOPMA-N. The nucleotide sequence analysis showed that a 1767-bp fragment and a 1398-bp fragment were obtained by PCR, respectively (data not shown). The 1767-bp fragment was known as OPMA-N gene that contained an open reading frame with ATG as the initial code and TAA as the stop code, whereas the 1398-bp fragment, known as DOPMA-N gene, included initial code ATG and the last 1395 bp portion of OPMA-N gene. The 1767-bp OPMA-N gene sequence had been deposited in the GenBank database under the accession number EU368579. OPMA-N and DOPMA-N encoded 588 and 466 amino acids, respectively.
The deduced amino acid sequence of OPMA-N was subjected to BLAST in GenBank. As shown in Fig. 1 , OPMA-N was homologous to some maltogenic amylases. OPMA-N shared 96, 76, and 55% amino acid sequence identities with maltogenic amylases from B. subtilis SUH4-2, Bacillus licheniformis ATCC 14580, and Thermus sp. IM6501, respectively. Therefore, OPMA-N was suggested to be a maltogenic amylase with an N-terminal domain (1 -124 residues), four highly conserved regions (I -IV) of a-amylase family, a C-terminal domain, and three catalytic residues Asp326, Glu355, and Asp422 ( Fig. 1) according to the available published data of a-amylase family and the crystal structures of maltogenic amylases from Thermus sp. IM6501 [8] . Notably, although there were 20 mismatched amino acids in OPMA-N compared with Bbma, a maltogenic amylase from B. subtilis SUH4-2, that had a highest amino acid sequence homology to OPMA-N to date, half of them located within the C-terminal domain beyond the fourth conserved region (Fig. 1) .
Expression and purification of OPMA-N and DOPMA-N To further characterize OPMA-N and DOPMA-N, their genes were expressed in E. coli BL21 (DE3). After induction with IPTG, the target proteins were identified by SDS-PAGE. An expressed product ( 66 kDa) corresponding to 6ÂHis-OPMA-N fusion protein and another one ( 55 kDa) corresponding to 6ÂHis-DOPMA-N fusion protein were observed in their SDS -PAGE (Fig. 2, lanes  2, 3) . Finally, 120 or 200 mg of purified OPMA-N or DOPMA-N were obtained from the cell supernatant of 1 liter culture, respectively, and their specific activities were 12.82 and 12.55 U/mg at 608C and pH 7.5, respectively.
Analysis of the substrate and product specificities of OPMA-N or DOPMA-N When b-cyclodextrin (1%), soluble starch (1%), and pullulan (1%) were used as substrates, and the components of degradation products by OPMA-N or DOPMA-N were analyzed by TLC. As shown in Fig. 3(A,B) , OPMA-N only degraded starch rather than b-CD or pullulan to produce maltose, maltotriose, isomaltotriose, and perhaps isomaltotetraose, but not to produce glucose. Obviously, OPMA-N and DOPMA-N had the same substrate and product specificities as OPMA in our previous article [3] . The results in Fig. 3(A,B) also showed that OPMA-N had a quite different catalytic function from other available published maltogenic amylases that have been cloned from B. licheniformis, Bacillus stearothermophilus and B. subtilis [6] . These reported maltogenic amylases have substrate preference of CDs over starch and pullulan, and mainly produce maltose and glucose from CDs and starch or panose from pullulan [9] [10] [11] .
To prove OPMA-N's and DOPMA-N's substrate and product specificities described above, the time courses of product generation were drawn by HPLC to indicate the process for the production of products from starch, b-CD, and pullulan. Since no product could be detected in b-CD or pullulan sample even after 72 h reaction, only the time courses of the product compositions in starch hydrolyzate by using OPMA-N and DOPMA-N were presented in Fig. 4 .
In addition, the results in Figs. 3(A) and 4(A,B) indicated that the product characteristics by OPMA-N and DOPMA-N were not exactly the same. Obviously, more isomaltotriose and less maltose were generated by using OPMA-N than by using DOPMA-N. The result indicated that the N-terminal domain of OPMA-N shifted, although not very significantly, the catalytic features of the enzyme toward a-1,4 hydrolysis or/and a-1,6 transglycosylation, leading to more isomaltotriose and less maltose in the OPMA-N product system according to the pathway previously proposed for OPMA catalysis [4] . The reaction A special thermophilic amylase products were analyzed by HPLC or quantitative TLC ( Table 1) to quantitatively express the difference between two products pattern by using OPMA-N and DOPMA-N.
However, DOPMA-N seemed also to be really different from the previous well-known amylases (such as TAA from Aspergillus oryzae, 478 amino acids) [1, 12] based on its product patterns in Figs. 3(A) and 4(B) . The alignment of DOPMA-N with TAA (data not shown) revealed that DOPMA-N and TAA only shared 23% amino acid sequence identities although they had the same catalytic triads (Asp . . . Glu . . . Asp) (marked with black triangles O) and four highly conserved regions (I -IV) of a-amylase family (Fig. 5) . More importantly, several residues with opposite polarity or/and different steric hindrance (marked A special thermophilic amylase with blank triangles D) located next to the catalytic sites, leading to the different circumstance around their active sites. These differences might be the structural basis for the functional difference between DOPMA-N and the previous well-known amylases such as TAA.
Characterization of enzymatic properties of OPMA-N and DOPMA-N The effects of pH on the activity and stability of OPMA-N or DOPMA-N were determined according to the methods described in the 'Materials and Methods' section. The pHactivity profiles of OPMA-N and DOPMA-N were shown in Fig. 6 . The optimal pH for their activities was about pH 7.5 and over 60% activities remained in the range of pH 6.0-9.0 [ Fig. 6(A) ]. However, both enzymes were still stable after existed in pH 5.0-9.0 buffer although they were most stable after being held at pH 7.0-8.0 for 60 min [ Fig. 6(B) ]. The fact that similar results were obtained in OPMA-N and DOPMA-N cases indicated that pH-dependent stability of OPMA-N had nothing to do with OPMA-N's N-terminal domain.
The effects of temperature on the activities and stability of OPMA-N or DOPMA-N were evaluated and the results were shown in Fig. 6(C,D) . Both enzymes exhibited highest activities at 608C (optimal temperature) [ Fig. 6(C) ]. However, OPMA-N seemed more stable than DOPMA-N during 40-808C because the activity of OPMA-N was higher than that of DOPMA-N after they were incubated in a temperature range from 40 to 808C for 60 min [ Fig. 6(D) ]. To further confirm the role of N-terminal domain in OPMA-N's thermostability, the activities at 608C were measured and the half-life (t1 2 ) was obtained to be 5 h for OPMA-N and 2 h for DOPMA-N, which also proved the contribution of OPMA-N's N-terminal domain to OPMA-N's thermostability.
The effects of metal ions and additives on the activities of OPMA-N and DOPMA-N were also examined and the results were shown in Table 2 . OPMA-N and DOPMA-N were found to be stable in the presence of Ca 2þ , Mg 2þ , K þ , Fe 2þ , or Fe 3þ (1 mM), and their activities were increased by Zn 2þ or Ni 2þ , and decreased by Cu 2þ (1 mM), EDTA (1 mM), SDS (1 mM), or Triton-X100 (1%). This phenomenon of their same effects on DOPMA-N's and OPMA-N's additives (Table 2) indicated that these materials did not influence OPMA-N activity through its N-terminal domain.
Kinetic analysis of the reactions catalyzed by OPMA-N and DOPMA-N To further investigate the role of the N-terminal domain of OPMA-N in its catalytic reaction, the kinetic parameters of OPMA-N or DOPMA-N were determined using soluble starch and p-nitrophenyl-maltoside as substrates ( Table 3 ). A special thermophilic amylase For soluble starch substrate, the K m value of DOPMA-N was 5.5 fold greater than that of OPMA-N, but the k cat /K m value (apparent catalytic efficiency) of OPMA-N was 7 fold greater than that of DOPMA-N. For p-nitrophenyl-maltoside, however, the K m value of DOPMA-N was only 1.28 fold greater than that of OPMA-N and the k cat /K m value of OPMA-N was only 1.9 fold greater than that of DOPMA-N. All of the above results demonstrated that for starch, rather than for p-nitrophenyl-maltoside, OPMA-N possessed a higher substrate affinity and catalytic efficiency than DOPMA-N. Thus, the N-terminal domain of OPMA-N seemed to enhance OPMA-N-binding affinity to long chains starch, and subsequently, to increase the catalytic efficiency toward starch.
Starch-adsorption assay of OPMA-N and DOPMA-N, to again confirm the role of the N-terminal domain of OPMA-N in starch binding, the adsorption affinity between OPMA-N or DOPMA-N and starch was assayed. The AR between OPMA-N and starch was 10.2%, whereas it was 4.1% between DOPMA-N and starch. Obviously, the difference of the AR between two cases was attributed to the difference of OPMA-N and DOPMA-N. Therefore, their adsorption affinity was consistent with their binding ability and their K m values. and DOPMA-N were run on their PAGE and the results were shown in Fig. 7 . It could be seen that both OPMA-N and DOPMA-N existed in more than one form at the same time (Fig. 7) . According to their positions on the PAGE, each enzyme could exist in monomer, dimer, trimer, and likely higher oligomers (Fig. 7) . Similar monomer, dimmer, and higher oligomers of OPMA-N or DOPMA-N were also detected in Gel filtration chromatography (G-100) (data no shown). The result showed that the active form of OPMA-N or DOPMA-N could be simultaneously homodimer and homooligomer besides their monomer. Thus, the N-terminal domain of OPMA-N did not directly affect OPMA-N oligomerization.
Discussion
The maltogenic amylases (MAases, EC 3.2.1.133) belong to the GH-13 or the a-amylase family, but they have special catalytic characteristics compared with other Figure 5 Primary structures of the four conserved regions (I -IV) of DOPMA-N and TAA Invariant catalytic residues were marked with black triangles; the residues with different polarity or steric hindrance between DOPMA-N and TAA were marked with blank triangles. Numbering of the residues of DOPMA-N and TAA were given, respectively. OPMA-N's maximum activity (12.82 U/mg) obtained under the optimal condition (608C, pH 7.5) was considered the relative activity of 100%. Error bar: +3.6%, P , 0.05.
A special thermophilic amylase members of the family. Thus, the maltogenic amylases constitute a special subfamily of the GH-13 or the a-amylase family together with neopullulanase, cyclomaitodextrinase, and Thermoactinomyces vulgaris R47 amylase II [11, 13, 14] . These enzymes share similar characteristics of maltogenic amylase [5, [15] [16] [17] . In general, maltogenic amylases displayed multiple activities. They can catalyze not only the hydrolysis of a-D- (1,4) or a-D-(1,6) glycosidic linkages, but also the transglycosylation to form a-D- (1,4), a-D-(1,3) , or a-D-(1,6) glycosidic linkages.
So far, most maltogenic amylases prefer cyclodextrins to starch or pullulan as their substrates and to produce glucose, maltose, isomaltose, panose, etc. [4] . However, the remarkable properties of OPMA-N were represented by its substrate and product specificities, which made OPMA-N distinguishable from other maltogenic amylases. OPMA-N only catalyzed starch degradation, and only produced certain oligosaccharides including maltose, maltotriose, isomaltotriose, and isomaltotetraose, but did not produce glucose (Fig. 3 ).
There were 20 mismatched amino acids between OPMA-N and Bbma (Fig. 1) , the amylase that had a highest homology to OPMA-N to date, but only two mismatched amino acids (Asn19 of OPMA-N corresponding to Asp19 of Bbma, His45 of OPMA-N corresponding to Tyr45 of Bbma) located in the N-terminal domain. Obviously, the N-terminal domain did not determine the substrate and product specificities of OPMA-N because DOPMA-N had the same substrate and product specificities as OPMA-N.
However, among the 20 mismatched amino acids, half of them located within the C-terminal domain beyond the fourth conserved region. Most of these mismatched amino acid residues within their C-terminal domain are highly polar or carry a charge at physiological pH, but they are opposite in OPMA-N and in Bbma such as Asn-507, Gln-516, Tyr-543, Lys-555, Gln-567, and His-568 of OPMA corresponding to His-508, Lys-517, His-544, Asn-556, His-568, and Tyr-569 of Bbma. These differences inevitably lead to at least the significant differences in the number and type of charges in C-terminal domain between OPMA-N and Bbma (Fig. 1) . Perhaps, it was these polar or/and steric effects that made OPMA only recognize starch rather than b-CD or pullulan as its substrate. The 3D structure of OPMA-N by homology modeling was showed in Fig. 8 , and the 10 mismatched amino acid residues between OPMA-N and Bbma were represented by the dark spheres, while the relatively independent 124-residue N-terminal domain was surrounded by a solid line (Fig. 8) . These 10 mismatched amino acid residues involved in a b-pleated sheet structure in C-terminal domain. This structural information raised the possibility that the C-terminal b-pleated sheet structure might mainly regulate their substrate and product specificities, substratebinding affinities, and even their action modes. A special thermophilic amylase
The unique addition of 124 residues at the N terminus of the multifunctional amylases compared with the previous well-known amylases such as TAA has been speculated to be responsible for the binding of a enzyme to raw starch [18] or for the formation and/or stabilization of oligomeric structures [5, 13, 19] . However, OPMA-N and DOPMA-N could exist in monomer, homodimer, or homooligomer at the same time (Fig. 7) , and so it implied that OPMA-N's N-terminal domain did not play a special role in its oligomerization. However, the number of oligomeric forms of protein was changed when the N-terminal domain was deleted (Fig. 7) . In this sense, the N-terminal domain affected OPMA-N oligomerization. It could be explained that over 60% of all residues in the N-terminal domain were hydrophilic amino acids, which perhaps made higher oligomers than trimer for OPMA-N not be stable enough to exist.
OPMA-N's N-terminal domain seemed to contribute not only to OPMA-N thermostability [ Fig. 6(D) ], more importantly, but also to the preference toward a-1,4 hydrolysis or/and a-1,6 transglycosylation, and finally affected the ratio of isomaltotriose to maltose in final products [ Fig. 3(A) ]. Therefore, OPMA-N's N-terminal domain was proposed to modulate the binding of oligosaccharide acceptors and ultimately resulted in the production of more isomaltotriose and less maltose. There were two mismatched residues within the N-terminal domain of OPMA-N and Bbma, Asn19 of OPMA-N corresponding to Asp19 of Bbma, and His45 of OPMA-N corresponding to Tyr45 of Bbma. These structural features raised the possibility that the polarity or hydrogen-bond network at the 19 or/and 45 residue sites of OPMA-N played important roles in the binding of oligosaccharide acceptors.
On the other hand, OPMA-N's N-terminal domain could increase binding of OPMA-N to starch based on the results of starch AR and K m values in Table 3 , and subsequently could increase the catalytic efficiency of OPMA-N for starch according to the kinetic parameters of OPMA-N and DOPMA-N ( Table 3) . Obviously, the N-terminal domain of OPMA-N played a very important role in binding and catalyzing starch. It has been reported that the N-terminal domain in some amylase molecules is speculated to recognize specifically the loose helical structure region of starch or to unravel the rigid helical structure of starch in order to help the catalytic site of an amylase to catch the loose structure of starch because the rigid helical region of starch cannot bind to the catalytic site of an amylase [20] . Whether OPMA-N's N-terminal domain has this feature is yet to be studied further.
It is widely known that isomaltooligosaccharides have been shown to act as a growth factor for bifidobacteria in vivo, whereas glucose can be utilized by all intestinal bacteria including beneficial bacteria like bifidobacteria and unfavorable ones like clostridia. Therefore, syrup with isomaltooligosaccharides but without glucose may be more effective for improving the intestinal microflora. Thus, the products from starch by OPMA-N were superior to other ones by other maltogenic amylases or multifunctional amylases so far studied. The characteristics of product system from starch by OPMA-N also indicated that OPMA-N possessed different catalytic properties from other available published maltogenic amylases.
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